The RET fusion is considered as the potential novel target in solid tumors. However, RET fusion is not well yet identified in colorectal cancer (CRC), and the effect of RET kinase inhibitor is also not evaluated in CRC with RET fusion. We established patient-derived tumor cells (PDCs) with RET fusion from recurrent brain metastatic lesion that newly appeared during the surveillance for stage III CRC patient. To investigate therapeutic options to CRC patient with a RET fusion, we performed cell viability assays using the PDCs. NCOA4-RET fusion was detected by FusionPlex using the resected brain metastatic tissue of CRC patient with solitary brain metastasis and then reconfirmed by fluorescence in situ hybridization (FISH) test. We also confirmed the RET fusions by a qPCR in matched PDCs. We tested whether the PDCs from RET fusion colon cancer were sensitive to carbozantinib, sorafenib, vandetanib, and PD0331992. Cell viability assays showed that carbozantinib, sorafenib, and PD0332991 did not suppress cell viability. Only, vandetanib revealed the significant inhibitory effect in MTT proliferation assay. Next, we analyzed regulation of targeted downstream pathways upon exposure to vandetanib by immunoblot assay. In colon cancer PDCs with NCOA4-RET fusion, vandetanib potently inhibited AKT and ERK phosphorylation. This study shows that vandetanib might be one of useful treatment strategies for CRC patient with NCOA4-RET fusion. Therefore, inhibition of the RET kinase is a promising targeted therapy for cancer patients whose tumors harbor a RET rearrangement.
Introduction
An improved understanding of the underlying molecular pathology of colorectal cancer (CRC) has enabled tailored treatment regimens and helped to optimize outcomes. There have been recent and rapid advances in the development of agents targeting components of receptor tyrosine kinase signaling cascades for use in cancer therapy. [1] [2] [3] A monoclonal antibody (mAb) against epidermal growth factor receptor (EGFR), referred to as cetuximab, is a product of this movement, and has been implemented to treat selected metastatic CRC patients. Only the absence of an oncogenic KRAS and/or NRAS mutation has been found to predict the clinical benefit from anti-EGFR therapy in metastatic CRC. However, unfortunately, except anti-EGFR therapies, genomic characterization of CRC has not been translated into effective target matched therapeutic strategies.
RET is a transmembrane tyrosine kinase that functions as the receptor for growth factors of the glial derived neurotrophic factor family. [4] Abnormal Ivyspring International Publisher chromosomal rearrangements cause the inframe fusion of tyrosine kinase domain of the RET gene fusions can lead to the expression of oncogenic driver fusion kinase. [5] RET fusion kinase occur in nearly one third of papillary thyroid cancer and about 2% of lung adenocarcinoma. [6] More than 13 fusion partner genes of RET have been reported until now. In lung adenocarcinoma and thyroid carcinoma with RET fusion, some RET kinase inhibitors such as sunitinib, sorafenib, carbozantinib and vandetanib showed anti-tumor activity in preclinical models and patients with lung cancer. [7] [8] [9] [10] However, RET fusion is not well yet identified in CRC, and the effect of RET kinase inhibitor is also not evaluated in CRC with RET fusion.
We established patient-derived cells (PDC) from CRC patient with a RET fusion that had the brain metastasis. We used these PDCs to investigate useful therapeutic options to realize the precision medicine in CRC with RET fusion.
Patients and Methods
Patient-derived tumor cells. With informed consent, tumor samples were obtained from newly appeared single brain lesion of a patient of stage III CRC who had received curative surgery followed by post-operative chemotherapy. Collected tissue from brain lesion was minced and dissociated by enzymatic methods. The patient-derived cells (PDCs) from a metastatic brain lesion were cultured in RPMI 1640 supplemented with 10% fetal bovine serum (FBS; Gibco BRL, Paisley, UK), 1% antibiotic/anti-mycotic solution (Gibco BRL, Paisley, UK), 0.5 μg/ ml of hydrocortisone (Sigma Aldrich), 5 μg/ ml of insulin (PeproTech, Rocky Hill, NJ, USA), 5 ng of EGF and 2.5 ng of FGF (PeproTech, Rocky Hill, NJ, USA). The medium was changed every 3 days, and cells were maintained at 37°C in a humidified 5% CO2 incubator. PDCs were passaged using TrypLE Express (Gibco BRL, Paisley, UK) to detach cells when they reached 80-90% confluence.
Targeted sequencing. Formalin-fixed paraffin embedded (FFPE) samples containing >40% tumor cellularity were dissected under a microscope from 4-μm thick unstained sections (10 to 20 slides) or from fresh frozen tissues by comparison with a hematoxylin and eosin-stained slide. RNA extracted from FFPE and synthesized the cDNA libraries and then enriched the target that can be used to create libraries for next generation sequencing using FusionPlex CTL kit (ArcherDX, Boulder, CO, USA). The sequencing data were analyzed using the Archer Analyzer Platform to detect the fusion and mutation.
RET translocation with fluorescence in situ hybridization (FISH). FISH was performed using the ZytoLight R SPEC RET Dual Color Break Apart Probe Kit (ZytoVision, Bremerhaven, GERMANY) for RET. This probe is designed to detect translocation involving the chromosomal region 10q11.21 harboring the RET (rearranged during transfection protooncogene) gene. It is a mixture of two direct labeled probes hybridizing to the 10q11.21 band. The orange fluorochrome direct labeled probe hybridizes proximal to the RET gene, the green fluorochrome direct labeled probe hybridizes distal to that gene.
Quantitative real-time reverse transcriptionpolymerase chain reaction. Total RNA was isolated from cells using the Qiagen RNeasy Mini Kit protocol (Qiagen, Valencia, CA, USA) according to the manufacturers' recommendations. Total RNA from each sample was reverse transcribed with the SuperScript®III First-Strand Synthesis System using Oligo(dT) 20 primer (Invitrogen Corp, Carlsbad, California, USA). All qPCR reactions were performed with a 7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA), using NCOA4-RET fusion primer Forward: 5'-TAAAGGTGGTGGGCAA AAACAA-3' Reverse: 5'-CGGACGCGACGGAC AC-3', and GAPDH (Forward:5'-ACAACTTTGGTA TCGTGGG-3' Reverse: 5'-GCCATCACGCCACAGT TTC-3') was used as the housekeeping gene for relative quantification. All genes were run in triplicate to allow for the assessment of technical variability.
Cell treatment and viability assay. After pathologic confirmation, cells were seeded at a density of 1-2 × 10 6 cells/10-mm dish for immunoblot analysis or 5,000 cells/well in 96-well plates for cell viability assays and treated for 3-5 days with various concentrations of drugs such as carbozantinib, sorafenib, vandetanib, and PD0331992 as indicated. Inhibition of cell proliferation was determined using Cell Titer Glo (Promega, Madison, WI, USA) according to the manufacturer's protocol.
Immunoblot Analysis. Total proteins from PDCs were isolated cOmplete Lysis-M (Roche) containing a protease inhibitor cocktail (Roche, Mannheim, Germany) and phosphatase inhibitor cocktail (Roche), and protein concentrations were determined according to Bradford procedure using a Quick Start Bradford Protein Assay (Bio-Rad, Hercules, CA, USA). Thirty μg of proteins were subjected to 10 % SDS-polyacrylamide gel electrophoresis, and electro-transferred onto nitocellulose membranes. The membranes were blocked with 5 % nonfat dry milk in Tris-buffered saline containing 0.1% v/v Tween 20, and probed overnight at 4 °C with a Specific antibodies: RET from Abcam (Cambridge, UK), pAkt (Ser473), Akt(C67E7), pERK1/2 (Thr202/Tyr204), ERK1/2 (Thr202/Tyr204) from Cell Signaling Technology (Beverly, MA, USA), and beta actin from Sigma Aldrich. Horseradish peroxidase-conjugated anti-rabbit or mouse IgG (Vector, Burlingame, CA, USA) were used as a secondary antibody, and signals were detected by chemiluminescence using ECL Western Blotting Substrate (Thermo Scientific, Rockford, IL, USA) and visualized using LAS-4000 (Fujifilm, Tokyo, Japan).
Results

Patient.
A 63-year-old man initially presented with stage III, rectosigmoid colon cancer in 2013. He underwent lower anterior resection for the primary lesion and then received eight cycles of adjuvant XELOX (capecitabine and oxaliplatin) chemotherapy.
During regular surveillance, at 2015, the patient suffered from an abrupt headache. Brain imaging for the patient revealed a single brain mass. Patient received a curative intent brain surgery for the single brain mass suggesting a malignant primary brain tumor (Fig. 1) . After pathologic confirmation for tumor, we generated PDCs from the patient. Finally, this resected brain lesion was confirmed in a metastatic recurrent colon cancer. NCOA4-RET fusion was detected by FusionPlex using the resected tumor sample and then reconfirmed by fluorescence in situ hybridization (FISH) test (Fig. 2) . We also confirmed the RET fusions by a qPCR in matched PDCs (Fig. 3) . 
Cell viability assay using patient-derived cells.
To investigate therapeutic options applicable to CRC with RET fusion; we performed a cell viability assay using the established NCOA4-RET fusion CRC PDC line. We tested whether the PDCs from RET fusion colon cancer were sensitive to carbozantinib, sorafenib, vandetanib, and PD0331992 that were previously reported as effective agents to RET fusion tumor cells in preclinical model or other types of solid cancers. Cell viability assays showed that carbozantinib, sorafenib, and PD0332991 did not suppress cell viability. Only, vandetanib revealed the significant inhibitory effect in MTT proliferation assay (Fig. 4A) .
Immunoblot assay to vandetanib using patient-derived cells. Next, we analyzed regulation of targeted downstream pathways upon exposure to vandetanib by immunoblot assay. In colon cancer PDCs with NCOA4-RET fusion, vandetanib potently inhibited AKT and ERK phosphorylation (Fig. 4B) . These immunoblot findings were well concordant to the inhibitory effect of vandetanib.
Discussion
The RET fusion is considered as the potential novel target in solid tumors. Interestingly, RET fusions are mutually exclusive with activating mutations in EGFR, HER2, BRAF, and KRAS as well as EML4-ALK and ROS1 rearrangement in non-small cell lung cancer (NSCLC). [11, 12] This finding is consistent to CRC. Anne-France et al reported that in CRC, RET fusion did not overlap with other known druggable mutation such as KRAS, BRAF, EGFR, and PIK3CA, and oncogenic fusion kinases involving ALK, ROS1 and NTRK. [13] Considering these findings, subpopulation with RET fusion in solid tumors including CRC might need the specific treatment strategy in the precision era. In the present study, CRC PDCs with NCOA4-RET fusion were sensitive to vandetanib, with downregulation of the downstream pathway involving AKT and ERK phosphorylation. These findings suggested that vandetanib might be a novel treatment strategy for CRC patients with NCOA4-RET fusion.
Vandetanib is orally active small molecule receptor tyrosine kinase inhibitor vascular endothelial growth factor receptor (VEFR), epidermal growth factor receptor 2 (EGFR2), EGFR and RET. [9, 14] Vandetanib showed anti-tumor activity in cell lines with RET fusions and has also demonstrated the efficacy in the treatment of medullary thyroid cancer. In addition to vandetanib, carbozantinib, sorafenib, and sunitinib have also been shown pre-clinically to inhibit RET kinase activity. [7] [8] [9] 14] However, these agents have not been evaluated in CRC until now. In this study, we evaluated the anti-tumor effect of known various RET inhibitor in CRC-PDCs with RET fusion. Although only vandetanib had a significant antitumor effect to CRC-PDC with RET fusion in our study, this finding must be interpreted with caution because this study was for only single case of a CRC-PDC with NCOA4-RET fusion. In recent clinical trials for pretreated patients with RET rearranged NSCLC, vandetanib, and carbozantinib, showed the antitumor activity and tolerable safety [15] [16] [17] . The results of these trials might help to clarify the usefulness of RET inhibitors and choice the more potent one among various RET inhibitors.
RET fusion occur in approximately 1% to 2% of unselcted NSCLC and nearly one-third of papillary thyroid cancer. [5, 18] In CRC, recent western study reported the freqeuncy of 0.2%, 6 of 3117 CRC patients. [13] We have been conducting the comprehensive targeted sequencing in gastrointestinal cancer patients as clinical sequencing program. Among metastatic refractory CRC patients included in this program, we found two CRC patients with RET fusion. One patient had NCOA4-RET fusion, mentioned in the present study and the other patient had KIF5B-RET fusion. The frequency of RET fusion in our CRC cohort was 1.6% (2 of 120). The frequency between our cohort and previous western cohort was discordant. This may be caused by heterogeneous patients' population, small sample size and ethnic difference. In the future, international molecular cohort study including RET fusion in CRC must be needed to establish the optimal treatment strategy for heterogeneous CRC in precision medicine era.
Accurate prediction of anti-tumor effects of molecularly targeted agents before clinical trial design and implementation in cancer patients is essential to realize the goal of precision medicine. Ideal preclinical models should closely resemble the actual tumors in terms of genomic profiles and drug response. Recently, patient-derived tumor cells have been suggested as an alternative preclinical model for use as a prediction system for preclinical drug testing. Our group previously demonstrated the usefulness of our PDC system as a promising model for preclinical experiments in various cancer types including CRC. [19] In the present study, we also successfully established PDCs from a metastatic brain lesion that newly appeared in a patient with stage III CRC. Although CRC with NCOA4-RET fusion is very rare, it is important to establish a precise treatment strategy based on the genomic profile. From this perspective, our successfully established PDCs with NCOA4-RET fusion from a CRC patient with NCOA4-RET fusion could be considered important preparation for preclinical research.
This study shows that vandetanib might be one of useful treatment strategies for CRC patient with NCOA4-RET fusion. Therefore, inhibition of the RET kinase is a promising targeted therapy for cancer patients whose tumors harbor a RET rearrangement.
